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Optical Resonators with Mirror Structure Suppressing Higher 

Order Transverse Spatial Modes 

RELATED APPLICATIONS 

[01] This application is a Continuation of PCT application serial number PCT/US02/1 1 539 
filed on April 11, 2002 which is a Continuation-in-Part of U.S. application serial number 
09/833,139 filed on April 11, 2001 both of which are incorporated herein by reference in their 
entirety. 



BACKGROUND OF THE INVENTION 

[ 02 ] Optical resonators include two or more mirror structures that define the resonator cavity. 
Optical resonators can be passive cavity devices as used, for example, in tunable Fabry-Perot 
(FP) filters. Active cavity devices include active media inside the optical resonator, such as gain 
medium, nonlinear optical medium, or electro-optic medium. The most common example of an 
active cavity optical resonator is the laser, which contains a gain medium, such as a 
semiconductor or a solid-state material, inside the cavity between the mirror structures. 

[ 03 ] A reoccurring issue in optical resonator design, both in macroscopic and micro optical 
systems, is transverse spatial mode control At scales associated with micro optical systems, 
which include single mode optical fiber, semiconductor gain media, and/or micro-opto-electro- 
mechanical system (MOEMS) devices, spatial mode control can dictate many system design 
variables. 

[04 ] Typically, fiindamental transverse mode operation is desired in laser devices because of 
the optical beam spatial profile requirements for long distance beam propagation, focusing of 
beams into small spots, and beam coupling into single mode transmission fibers. In addition, 
different spatial modes of an optical resonator typically have different resonant optical 
frequencies, which characteristic is detrimental for active and passive cavity applications 
requiring spectral purity. A typical application requiring 
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spectral purity of the resonator operation is optical spectral monitoring using tunable Fabry-Perot 
filters of optical signals such as wavelength-division-multiplexed (WDM) optical communication 
signals. 

[05] In active cavity devices, such as edge-emitting semiconductor lasers, the transverse 
spatial mode problem is addressed by the judicious design of the laser waveguide to ensure that it 
supports only a single transverse mode. In vertical cavity surface emitting lasers (VCSEL's), 
oxide confining layers and other aperturing techniques are used to achieve single transverse mode 
operation in small aperture devices. Problems begin to arise as higher output power devices are 
designed, however. Here there is a contention between the desire to increase modal volume and 
beam diameter while at the same time suppressing oscillation of the higher-order transverse 
modes. Gain aperturing is frequently used inside laser cavities to suppress lasing of the higher- 
order transverse modes. 

[06] In passive cavity devices, the transverse mode problems can be more intractable, since the 
design degree of freedom associated with the gain medium is not present. One solution is to 
incorporate single mode fiber into the design. The inclusion of fiber, however, tends to 
complicate increased device integration, creates fiber-coupling requirements, and does not 
resolve all of the spatial mode problems. For example, a detector can be responsive to the input 
higher-order mode even with spatial mode filtering offered by a single mode fiber; this is due to 
the substantial amount of power propagating in the leaky and cladding modes of the fiber. 

[ 07 ] A related solution to controlling the transverse side mode suppression ratio (SMSR) 
contemplates the use of intracavity apertures or spatial filters. Higher order spatial modes 
generally have larger mode field diameters than the fundamental TEMOO mode. As a result, 
apertures in the optical train can induce loss for higher order transverse modes and may be used 
to improve the side mode suppression. These spatial filters, however, can introduce some loss to 
the fundamental mode as well as to the higher order modes; they also require precise alignment. 

[ 08 ] Still another solution that addresses the spectral purity problem concems cavity design. 

In a confocal Fabry-Perot cavity, where cavity length is equal to the mirror radius of curvature. 
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all transverse modes are degenerate, i.e., all the transverse modes coexist on the same set of 
frequencies, or wavelengths, as the longitudinal mode frequencies or the longitudinal mode 
frequencies shifted by a half spectral period. MOEMS micro optical cavities typically have large 
free spectral ranges, or spectral periods, corresponding to small cavity lengths of only tens of 
micrometers, however. Therefore the confocal MOEMS micro cavity configuration would 
require mirrors with correspondingly small radii of curvature, Le., tens of micrometers, which are 
difficult to fabricate, and have small mode sizes, which are difficult to align. 

[09] A more typical configuration for MOEMS tunable filter Fabry-Perot cavity is termed a 
hemispherical cavity. In such cavities, one of the reflectors is near planar and the other reflector 
is a spherical reflector. Such configurations are used both for passive cavity tunable filters and 
for vertical-cavity surface-emitting (VCSEL) lasers with an external fixed or tunable mirror. 
The advantage of such cavities is reduced alignment criticalities because of the general radial 
homogeneity of the flat reflector. In such configurations, spatial mode spectral degeneracy is not 
present and higher order transverse modes present a problem, for example spurious peaks are 
observed in the tunable filter transmission spectrum. 

[10] These problems have led to solutions that focus on minimizing the excitation of higher 
order modes by precise control of how light is launched into the cavity. For example, U.S. Patent 
Application Nos. 09/666,194, filed on 21 September 2000 by Jeffrey A. Kom, and 09/747,580, 
filed 22 December 2000 by Walid A. Atia, et al, concern, in part, alignment of a tunable filter 
relative to the surrounding optical train. U.S. Patent Application No. 09/809,667, filed on 15 
March 2001 by Jeffrey A. Kom, concerns mode field matching between the launch light mode 
and the lowest order spatial mode of the filter. Such approaches minimize excitation of higher 
order spatial modes and thus yield systems with high side mode suppression ratios. 



SUMMARY OF THE INVENTION 

[11] The present invention is directed to the design of the optical resonator cavity mirrors 
and/or intracavity lenses. The design intention for these mirrors/lenses is to degrade the ability of 
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the resonator to support higher order transverse spatial modes. Higher order transverse modes 
are forced to be unstable in the inventive optical resonator, ultimately achieving improved 
transverse mode operation to single transverse mode resonator operation. 

[ 12 ] Generally, previous approaches to transverse mode control in optical resonators spatially 
varied only the magnitude of optical beam transmission or reflection inside the resonator in order 
to introduce differential loss for higher order stable transverse modes. In contrast, the present 
invention includes spatially varying the phase of optical beam transmission or reflection in the 
resonator in order to make higher order transverse modes of the resonator fundamentally unstable 
or unbound. 

[13] The invention can be analogized to optical fibers, which achieve single transverse mode 
operation by using spatially varying refractive index, and hence spatially varying optical phase 
delay, to make higher order transverse modes of the fiber unbound and hence to suppress their 
propagation. Unfolded optical resonators are represented by discrete lens waveguides, with 
certain analogies to the continuously guiding waveguides, such as optical fibers. In the present 
invention, analogously with controlling the fiber refractive index profile, the mirror shape or lens 
profile is tailored to produce the desired spatial distribution of the intracavity optical phase delay, 
which selectively suppresses resonance of higher order transverse modes in the cavity. As a 
result, single transverse mode operation of optical resonators is achieved. 

[14] The path to implementing the invention is in the context of micro optical systems, which 
include, for example, single mode optical fiber, semiconductor or solid-state gain media, and/or 
MOEMS devices. In such systems, the maximum beam diameters are typically less than a few 
millimeters. Specifically, in the present implementations, the maximimi beam diameters in the 
system are less than 500 micrometers (^m). Small beams are consistent with the small form 
factors required in most optical communications applications, and also reduce the beam diameter 
translation requirements when coupling into and out of single mode fibers, which typically have 
a 5 to 10 Jim mode diameter. Further, the beams as launched into the optical cavities are small. 
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typically less than 200 ^m. In current implementations, the launched beams are actually 
considerably smaller, less than 50 pim, or between 5 and 30 jam. 

[15] In more detail, according to one aspect, the invention features a passive optical resonator 
comprising at least one optical cavity defined by at least two mirror structures in which at least 
one of the mirror structures has a bounded-deflection mirror profile having a diameter and sag 
that are selected in combination with a length of the cavity to degrade a stability of transverse 
modes with mode numbers 4 and greater. 

[16] Generally, in such implementations, the optical cavity length is less than about 50 
micrometers, a sag of the optical surface is less than about 200 nanometers, and the fiill width 
half maximum of the mirror diameter is less than about 30 micrometers. More commonly, the 
optical cavity length is less than about 30 micrometers, a sag of the optical surface is less than 
about 150 nanometers, and the full width half maximum of the mirror diameter is less than about 
20 micrometers. As described in more detail below, optical cavity lengths of less than about 20 
micrometers, with optical surface sags of less than about 100 nanometers, and the fiiU width half 
maximum mirror diameters of less than 15 micrometers have been produced. In these cases, the 
mirror sag is an important parameter, since the relationship between the mirror sag and the 
effective mode deflections for the higher order transverse modes leads to the inability of the 
cavity to support these modes, according to one line of analysis. 

[ 17 ] The above and other features of the invention including various novel details of 
construction and combinations of parts, and other advantages, will now be more particularly 
described with reference to the accompanying drawings and pointed out in the claims. It will be 
understood that the particular method and device embodying the invention are shown by way of 
illustration and not as a limitation of the invention. The principles and features of this invention 
may be employed in various and numerous embodiments without departing fi-om the scope of the 
invention. 



Page 5 



8 October 2003 
Docket: 1058.us2 

[ 18 ] The above and other features of the invention including various novel details of 
construction and combinations of parts, and other advantages, v^dll now be more particularly 
described with reference to the accompanying drawings and pointed out in the claims. It will be 
understood that the particular method and device embodying the invention are shown by way of 
illustration and not as a limitation of the invention. The principles and features of this invention 
may be employed in various and numerous embodiments without departing from the scope of the 
invention. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[19] In the accompanying drawings, reference characters refer to the same parts throughout the 
different views. The drawings are not necessarily to scale; emphasis has instead been placed 
upon illustrating the principles of the invention. Of the drawings: 

[ 20 ] In the accompanying drawings, reference characters refer to the same parts throughout the 
different views. The drawings are not necessarily to scale; emphasis has instead been placed 
upon illustrating the principles of the invention. Of the drawings: 

[21] Fig. 1 is a schematic view of a conventional hemispherical resonator; 

[ 22 ] Fig. 2 is a plot of an exemplary mirror profile in nanometers (nm) as a function of radial 
distance in micrometers for a curved spherical mirror in the hemispherical resonator design; 

[23] Figs. 3 A through 3F are plots in the x-y plane of the mode intensity profiles in arbitrary 
units for some exemplary Hermite-Gaussian transverse modes of spherical mirror resonators; 

[24 ] Fig. 4 is a plot of transverse mode frequencies in terahertz (THz) as a function of mode 
number, illustrating the modal structure of a conventional spherical resonator cavity; 

[25] Fig. 5 is a plot of normalized mirror height as a function of radial distance for a family of 
super-secant hyperbolic mirror profiles, which may be used in the implementation of the present 
invention; 
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[26] Fig. 6 is a plot of a mirror profile as a function of radial distance for an exemplary super- 
secant mirror having a diameter of 15 micrometers (^im) and a sag of 260 nm, also shown are 
effective mode lengths of the mirror in a 20 |am long cavity for the three stable transverse radial 
modes; 

[ 27 ] Fig. 7 is a plot of the spatial mode profiles of the three stable radial modes as a function 
of radial distance for a curved-flat resonator constructed with the super-secant mirror of Fig. 6 in 
which the cavity length is Lc = 20 jxm, mirror diameter is 15 jxm, and sag is 260 nm; 

[28] Fig. 8 is a plot of transverse mode frequencies in terahertz (THz) as a function of mode 
number illustrating the modal structure of a curved-flat resonator constructed with the super- 
secant mirror of Fig. 6 in which the cavity length is U = 20 jxm, mirror diameter is 15 fim, and 
sag is 260 nm; 

[29] Fig. 9 is a plot of a mirror profile as a fiinction of radial distance for an exemplary super- 
secant mirror having a diameter of 15 |im and a sag of 115 nm, also shown are effective mode 
lengths for the mirror in a 20 |Lim long cavity for the three stable transverse modes with the 
highest order mode approaching cutoff; 

[30] Fig. 10 is a plot of the spatial mode profiles of the three stable radial modes, with the 
highest order mode spatially broadened near its cutoff, as a function of radial distance for a 
curved-flat resonator constructed with the super-secant mirror of Fig. 9 in which the cavity length 
is Lc = 20 ^im, mirror diameter is 15 ^im, and sag is 1 15 nm; 

[31] Fig. 1 1 is a plot of transverse mode fi-equencies in terahertz (THz) as a function of mode 
number illustrating the modal structure of a curved-flat resonator constructed with the super- 
secant mirror of Fig. 9 in which the cavity length is Lc = 20 (am, mirror diameter is 15 |xm, and 
sag is 115 nm; 
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[ 32 ] Fig. 12 is a plot of a mirror profile as a function of radial distance for an exemplary super- 
secant mirror having a diameter of 1 5 jim and a sag of 100 nm, also shown are effective mode 
lengths for the mirror in a 20 ^im long cavity; 

[33] Fig. 13 is a plot of the spatial mode profiles as a function of radial distance of a curved- 
flat resonator constructed with the super-secant mirror of Fig. 12 in which the cavity length is Lc 
= 20 jxm, mirror diameter is 15 |im, and sag is 100 nm; 

[ 34 ] Fig. 14 is a plot of transverse mode frequencies in terahertz (THz) as a function of mode 
number illustrating the modal structure of a curved-flat resonator constructed with the super- 
secant mirror of Fig. 12 in which the cavity length is Lc = 20 ^im, mirror diameter is 15 \xm, and 
sag is 100 nm; 

[35] Fig. 1 5 is a plot of a mirror profile as a function of radial distance for an exemplary super- 
secant mirror having a diameter of 15 ^im and a sag of 25 nm, also shown is the effective mode 
length for the mirror in a 20 |im long cavity for the single stable transverse mode; 

[36] Fig. 1 6 is a plot of the spatial mode profile of the single stable transverse mode as a 
function of radial distance of a curved-flat resonator constructed with the super-secant mirror of 
Fig. 15 in which the cavity length is Lc = 20 |xm, mirror diameter is 15 |am, and sag is 25 nm; 

[ 37 ] Fig. 1 7 is a plot of transverse mode frequencies in terahertz (THz) as a function of mode 
number illustrating the single modal structure of a curved-flat resonator constructed with the 
super-secant mirror of Fig. 15 in which the cavity length is Lc = 20 pm, mirror diameter is 15 
|am, and sag is 25 nm; 

[ 38 ] Fig. 18 is a schematic view of a general curved-flat resonator illustrating the relationship 
between the curved mirror structure profile, including mirror diameter and depth, and the 
resonator mode profiles and mode effective length of some exemplary modes; 
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[ 39 ] Fig. 1 9 is a schematic view of a curved-flat resonator, contrasting operation of the 
conventional spherical curved mirror with a multitude of transverse modes and the inventive 
finite-depth mirror with a only a few stable transverse modes; 

[40] Fig. 20 is the A-V transverse mode stability diagram for optical resonators using mirrors 
with a finite deflection, specifically secant hyperbolic surface profile; 

[41] Fig. 2 1 is the A -V transverse mode stability diagram for optical resonators illustrating the 
universal nature of the resonator V parameter; 

[42] Fig. 22 illustrates modal optical k-vector propagation directions and the effective mode 
lengths in the plane-plane and curved mirror optical resonators, fi-om which the fiindamental 
mode size of these resonators is derived, as well as the behavior of the resonator unstable modes; 

[43] Fig. 23 A shows the mode diameter to mirror diameter ratio as a fimction of the resonator 
V-parameter, as calculated for optical resonators with the secant hyperbolic profile mirrors; 

[44] Fig. 23B shows mirror diameter to the fundamental mode diameter ratio, squared, of the 
inventive resonator as a fiinction of the cavity V-number (secant hyperbolic mirror profile); 

[45] Fig. 24 shows the spectral positions of the stable bound and unstable unboxmd transverse 
cavity modes in the Fabry-Perot resonator spectrum; 

[4 6] Fig. 25 shows the regimes of single mode and multi transverse mode optical resonator 
operation as dependent on the mirror diameter, mirror height, and the cavity length; 

[47] Fig. 26 is a cross-sectional view illustrating a mass transport process for making mirror 
structures for carrying out the present invention; 

[48] Fig. 27A is a three-dimensional plot showing the measured profile of a mirror fabricated 
using a mass transport process from a 12 p.m mesa precursor structure; 



Page 9 



8 October 2003 
Docket: 1058.us2 

[49] Fig. 27B is a cross-sectional view showing a measured mirror profile for a mass 
transported 12 ^im mesa precursor structure; 

[50] Fig. 28 is the A-V transverse mode stability diagram comparing optical resonators using 
mirrors with secant hyperbolic and mass-transported surface profiles; 

[51] Fig. 29A is a plot of measured spectral power in decibels (dB) as a function of 
wavelength in nanometers (nm) illustrating the transmission spectrum of a Fabry-Perot filter 
configured according to the present invention, where the resonator V parameter is Vr=3.6; 

[ 52 ] Fig. 29B is a plot of measured spectral power in decibels (dB) as a function of 
wavelength in nanometers (nm) illustrating the transmission spectrum of a Fabry-Perot filter 
configured according to the present invention, where the resonator V parameter is Vr=2.5; 

[ 53 ] Fig. 29C is a plot of measured spectral power in decibels (dB) as a function of 
wavelength in nanometers (nm) illustrating the transmission spectrum of a Fabry-Perot filter 
configured according to the present invention, where the resonator V parameter is Vr=l .6 and the 
resonator operates essentially with a single transverse mode; 

[ 54 ] Fig. 30 is a plot of measured transverse mode finesse as a function of pre-transport mesa 
diameter illustrating the mode discrimination of Fabry-Perot resonators configured according to 
the present invention; 

[ 55 ] Fig. 3 1 A is a plot of measured transverse mode finesse as a function of the resonator V 
parameter illustrating the mode discrimination of Fabry-Perot resonators configured according to 
the present invention; 

[56] Fig. 3 1 B shows the effect of intracavity mirror tilt on the optical resonator modes: 
tunneling of a higher order mode out from the resonator core, i.e. beam diffraction loss on 
multiple intracavity bounces. 
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[ 57 ] Fig. 32 A is an image and contour plot of the measured Fabry-Perot filter side mode 
suppression ratio for the conventional spherical mirror resonator, illustrating filter SMSR 
sensitivity to the lateral x-y displacements of the filter input beam, higher order mode to 
fundamental mode finesse ratio squared is (Fi/Fo)^=l= OdB; 

[ 58 ] Fig. 32B is an image and contour plot of the measured Fabry-Perot filter side mode 
suppression ratio for the inventive resonator with mass-transported mirrors and resonator V- 
number of V=l .61, illustrating much lower filter SMSR sensitivity to the lateral x-y 
displacements of the filter input beam; fundamental mode finesse is Fo= 3000, and higher order 
mode to fundamental mode finesse ratio squared is (Fi/Fo)^=0.0617= -12.1dB; 

[59] Fig. 32C is an image and contour plot of the measured Fabry-Perot filter side mode 
suppression ratio for the inventive resonator with mass-transported mirrors and resonator V- 
number of V= 1.41, illustrating even lower filter SMSR sensitivity to the lateral x-y 
displacements of the filter input beam; fundamental mode finesse is Fo= 2862, and higher order 
mode to fundamental mode finesse ratio squared is (Fi/Fo)^= 0.00240= -26.2dB; 

[60] Fig. 32D shows insertion loss Tpp = (F/Fq )^ of a Fabry-Perot filter mode vs. normalized 
finesse (F/Fq) with the mode finesse reduced by modal intracavity loss; where Fo= Finesse 
without intracavity loss, F= Finesse with intracavity loss; 

[ 61 3 Fig. 32E shows the measured resonator SMSR beam displacement sensitivity radius, at a 
25 dB SMSR level, as a function of the higher order mode to fundamental mode finesse ratio 
(solid points); beam and mode diameters are --17 |im; also shown are SMSR sensitivity radius 
curves, for three SMSR levels, from an analytical calculation assuming Gaussian input beam and 
a Gaussian shaped mode, and also assuming that all the input power not coupled to the 
fundamental mode is coupled to the single higher order mode; 

[ 62 ] Fig. 33 is a perspective view of a MOEMS Fabry-Perot filter to which the present 
invention is applied; 
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[63] Fig. 34 A is a plot of spectral power in decibels (dB) as a function of wavelength in 
nanometers (nm) illustrating the transmission spectrum of a MOEMS Fabry-Perot tunable filter 
configured according to the present invention; 

[ 64 ] Fig. 34B shows the measured filter spectral transmission function when the first higher- 
order mode is approaching cutoff; finesse of the higher-order mode is reduced by a factor of 8.5 
below the finesse of the fundamental mode; the broad spectral peak for wavelengths shorter than 
the higher order mode is characteristic of the continuum resonator modes excited by the input 
beam. 

[ 65 ] Fig. 35 is a schematic view of curved-flat resonator, according to the present invention, 
illustrating the parasitic modes that are created by membrane bow; 

[66] Fig. 36A shows the net effective mirror profile and the effective single mode deflection 
for an optical cavity with a secant-hyperbolic-shape finite deflection mirror paired with a flat 
membrane second mirror; 

[ 67 ] Fig. 36B shows the net effective mirror profile and the effective multiple mode 
deflections for an optical cavity with a secant-hyperbolic-shape finite deflection mirror paired 
with a positively-bowed-membrane second mirror, illustrating parasitic modes of the cavity; 

[ 68 ] Fig. 36C shows the net effective mirror profile and the effective single mode deflection 
for an optical cavity with a deeper sag secant-hyperbolic-shape finite deflection mirror paired 
with a negatively-bowed-membrane second mirror; 

[ 69 ] Fig. 37 is a plot of spectral power in decibels (dB) as a function of wavelength in 
nanometers (nm) illustrating the transmission spectrum of a MOEMS Fabry-Perot filter with a 
mass-transported inventive mirror when parasitic modes due to positive membrane bow are 
present; 

[70] Fig. 38 is a drawing of the pillbox mirror resonator, where the mirror is shaped as a 
cylindrical pillbox; 
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[71] Fig. 39 shows the measured finesse of pillbox mirror resonators as a function of the 
pillbox diameter for two different pillbox step heights, mirror coatings are designed for a finesse 
of 3000; 

[12] Fig. 40 shows the calculated resonator mode field and phase profiles at the "curved" 
mirror for a step-like mirror shape; 

[73] Fig. 4 1 is a drawing of the multi-step mirror resonator; 

[74] Fig. 42 shows schematically the active cavity optical resonator with a bounded deflection 
mirror; 

[ 75 ] Fig. 43 is a plot of dimensions for single-transverse-mode optical resonators with V==l .5: 
mirror sag, mirror diameter, and cavity length; 

[76] Fig. 44A shows laser cavity configuration with transverse mode control by a curved 
mirror with bounded deflection phase profile; 

[77 ] Fig. 44B shows laser cavity configuration with transverse mode control by an intracavity 
lens, e.g. refractive or diffractive lens, with bounded deflection phase profile; 

[78] Fig. 44C shows laser cavity configuration with transverse mode control by an intracavity 
graded index lens with bounded deflection phase profile; 

[79] Fig. 45 A shows a vertical-cavity surface-emitting semiconductor laser with an integrated 
extended-cavity mirror, where a "curved" mirror shape is fabricated on the extended mirror; 
curved mirror or lens can have a stepped profile; it can also use oxidized semiconductor layers 
for index modification; the laser resonator can have all three or only two mirrors, i.e. the top 
DBR mirror is optional; optical or electrical pumping is possible; 

[80] Fig. 45B shows a vertical-cavity surface-emitting semiconductor laser with an integrated 
extended-cavity mirror, where a "curved" mirror/lens shape is fabricated near the gain region; 

curved mirror or lens can have a stepped profile; it can also use oxidized semiconductor layers 
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for index modification; the laser resonator can have all three or only two mirrors, i.e. the top 
DBR mirror is optional; optical or electrical pumping is possible; 

[81] Fig. 46A shows a vertical-cavity surface-emitting semiconductor laser with an external, 
tunable or non-tunable, mirror with the "curved" mirror shape fabricated on the external mirror; 
curved mirror or lens can have a stepped profile; the laser resonator can have all three or only 
two mirrors, i.e. the top DBR mirror is optional; optical or electrical pumping is possible; 

[ 82 ] Fig. 46B shows a vertical-cavity surface-emitting semiconductor laser with an external, 
tunable or non-timable, mirror with the "curved" mirror shape fabricated in the laser chip; curved 
mirror or lens can have a stepped profile; it can also use oxidized semiconductor layers for index 
modification, can be on the surface or buried beneath the surface; the laser resonator can have all 
three or only two mirrors, i.e. the top DBR mirror is optional; optical or electrical pumping is 
possible; 

[83] Fig. 47 shows the mirror shape for compensating intracavity thermal lensing, a negative 
curvature profile is used for a mirror or intracavity lens to compensate the thermal lens and a 
smaller diameter positive curvature profile to shape the resonator mode; 

[84] Fig. 48 A shows the effective intracavity phase deflection profile and the spectra of the 
fundamental (0) and parasitic (1 ,2) modes of a laser cavity in presence of thermal lensing; and 

[85] Fig. 48B shows the spatial field profiles of the fiindamental (0) and parasitic (1 ,2) modes 
of a laser cavity in presence of thermal lensing; the larger spatial extent of parasitic modes makes 
it easier to discriminate against them by using loss or gain aperturing. 

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 

Transverse Mode Structure For Conventional Hemispherical Resonator 
(Spherical/Parabolic Mirror plus Flat Mirror) 

[86] To understand the present invention, it is helpfiil to understand the transverse mode 
structure for a conventional hemispherical resonator. A hemispherical resonator is a two mirror 
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resonator that is defined by a flat or relatively flat mirror and a concave mirror having a 
spherical/parabolic surface profile. 

[87 ] Fig. 1 illustrates such a hemispherical resonator. Optical radiation in the cavity 50 
oscillates between the flat mirror 52 and the concave spherical/parabolic mirror 54. Fig. 2 is a 
plot of the mirror profile cross section for the curved optical surface of the mirror 54. In the 
present example, the radius of curvature for mirror 54 is Rc=1000 micrometers and the length of 
the cavity 50 is Lc = 20 micrometers. 

[ 88 ] Figs. 3 A through 3F illustrate the transverse mode intensity profiles for some exemplary 
Hermite-Gaussian resonator modes for this defined resonator. For the lowest order mode 
illustrated in Fig. 3 A, at the flat mirror, intensity 1/e^ diameter is 15.6 micrometers in the cavity 
50 of the resonator defined relative to Figs. 1 and 2. However, in addition to the lowest order 
mode, there are many other stable transverse modes as illustrated in Figs. 3B through 3F for the 
resonator. 

[89] Fig. 4 is a plot of the transverse mode frequencies in terahertz of the hemispherical 
resonator of Fig. 1. For the cavity length of Lc = 20 ^im, the corresponding m = 26 longitudinal 
mode order has the resonant frequency of foo= 194.87 THz. For this cavity the transverse mode 
spacing is 0.339 THz and the longitudinal mode spacing is 7.49 THz. Each one of the stable 
transverse modes of the hemispherical resonator cavity resonates at a slightly different frequency, 
i.e., the mode frequencies are not "degenerate" as in the confocal cavity. 

Transverse Mode Structure For Resonators With Mirrors Having A Bounded 
Mirror Deflection 

[ 90 ] One embodiment of the present invention surrounds the use of mirrors in which the 
mirror surface profile, including its diameter and height and profile or curvature, is tailored to 
produce a stable resonance for the fundamental mode, while making some or all of the higher 
order transverse modes of the resonator unstable. 
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[ 91 ] A properly chosen mirror profile in the case of a curved-flat resonator or mirror profiles 
in the case of a curved-curved resonator, according to the present invention, increase the diameter 
of the higher order transverse modes, spreading these modes strongly outside the central region 
of the mirror(s), making these modes eventually unbound and unstable. In contrast, the lowest 
order, or fundamental, transverse mode is impacted primarily by the central region of the mirror 
and its behavior and stability are similar to that found in a conventional hemispherical cavity. 

[ 92 ] In one example of the inventive curved mirror, moving from the center to the edge of the 
mirror generally within the spatial extent of the transverse modes of interest, the mirror profile 
deflection is bounded to less than a certain maximum deflection or sag. This maximum in mirror 
deflection is achieved, for example, by varying the mirror curvature from positive near the mirror 
center to negative away fi^om the mirror center. Contrast this with the conventional spherical, 
and also aspheric mirrors, where mirror deflection increases, at least fi:om the perspective of 
many of the higher order modes, without bound. Fig. 2 illustrates the vmbounded parabolic 
deflection of a spherical mirror. Such conventional spherical mirrors have only positive profile 
curvature within the range of the modes. 

[ 93] Fig. 5 illustrates some exemplary mirror profiles that have a finite maximum mirror 
deflection or sag; these mirrors have regions of both positive and negative curvature about the 
mirror center. The full two-dimensional mirror profile is generated from the cross section by 
making a surface of revolution, for example. The specific illustrated profiles are super-secant 
hyperbolic. These super-secant mirror profiles are defined by the equation 



profiles, step or multi-step mirror profiles, as well as many others. 

[ 94 ] To control the transverse modes in optical resonator cavities, a number of parameters 
must be selected so that the Fabry-Perot cavity will support only the lower order modes, and 
typically only the lowest order mode. Specifically, these parameters include the maximum 
mirror deflection height or sag do, the mirror diameter xq, cavity length Lc, and the specific mirror 




Among other possible mirror profiles are super-Gaussian 



profile. 
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[ 95 ] For an optical resonator cavity, we model transverse mode field distributions and optical 
frequencies using an eigenvalue problem formulation. For a one dimensional mirror problem 
with mirror profile d(x) , we expand the electric field (x) at the curved mirror into a plane 
wave spectrum E |^ (k ^ ) 

E^(x) = Jdk^ E,,(k^)ej''x^ (ai) 

In the paraxial approximation, the transverse modes of the resonator are then given by the 
solutions of the following eigenvalue problem: 

A-Ek =^B.Ek (a2) 
[96] or 

Jdk^ Ek(k^)A(k^,x) = ^ jdk^ Ek(kx)B(k^,x) ' (a3) 
[97] where 

B(kx,x) = exp(jkxX) (a4) 

A(kx , x) = exp(jkx x) exp[j2kooL(l + )0 - / 2)] (a5) 

Sm = d(x)/Lc (a6) 

Sd=(kJkoo)^ (a7) 
^ = exp(-j2AkoLc) (a8) 
[ 98 ] Here koo is given by the m-th longitudinal mode condition of the resonator 
4nL 

2kooLc = ^fm = 2mn (a9) 

c 
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[99] The eigenvalue |a defines the complex eigen frequencies of the transverse modes 



(fm+Af„,^t)=:r('^oo+Ako) 



(alO) 



[ 100 ] where is the m-th longitudinal mode optical frequency of the resonator and M^^^ is 
the frequency shift of the transverse mode from the frequency of its parent longitudinal mode. 

[101] For a two-dimensional mirror problem with rotational mirror symmetry, a similar 
eigenvalue problem is obtained. Modes of optical resonators with a mirror surface given by a 
surface of revolution are best described in cylindrical coordinates; such modes have a radial 
mode number n radial that characterizes radial variation of the mode intensity and an azimuthal 
mode number n = n^zim that characterizes azimuthal variation of the mode intensity. For the n- 

th azimuthal mode, the electric field E^"^(r)exp(]n(p) in cylindrical coordinates (r,(p) is now 
expanded using Bessel functions : 



0 

[ 102 ] We obtain a very similar eigenvalue problem for the radial variation of the transverse 
mode electric fields: 



00 




(all) 



(al2) 



[103] or 




(al3) 



[104] where now 



B(kr,r) = krJn(krr) 



(al4) 
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B(kr,r) = k, Jn(krr)exp[j2kooL(l + eni)(l -^d /2)] (al5) 

[ 105 ] The other problem parameters, the eigenvalue \x , the mirror profile factor 8^ , and the 
paraxial diffraction factor , are the same as above in (a6-al0). 

[106] Modeling the inventive cavity to illustrate the transverse mode discrimination is 
performed in the context of curved mirror structures with secant hyperbolic mirror profiles 
having diameters of xo=15 micrometers and sags of do = 260, 1 15, 100, and 25 nanometers; here 
the mirror super-secant order is n=l . The full width at half maximum (FWHM) diameter of the 
mirror is w = Xf^hm = 1 .3 1 7 Xq =1 9.8(xm . The curved mirror structures are paired with flat or 
relatively flat mirror structures defining Fabry-Perot (FP) cavities of length Lc = 20 micrometers. 

[107] Fig. 6 shows the mirror profile cross section associated with the first modeled super- 
secant mirror FP cavity. The sag of the curved mirror structure is do=260 nm. The figure also 
shows positions of the mode effective deflections corresponding to the stable radial modes of the 
mirror in a 20 |im long cavity; = 4.60 . The effective mode deflections of the transverse 
modes, as well as the resonator Vr parameter, will be defined later on. 

[ 108 ] Fig. 7 shows the radial field profiles of the three stable radial modes of the resonator 
using mirror of Fig. 6 in a 20 |im long cavity; vertical lines indicate the curvature inflection 
points of the secant hyperbolic mirror profile. The azimuthal mode number is zero for these 
modes, nazim^O, i.e., these modes are circularly symmetric. 

[109] Fig. 8 is a plot of the stable transverse mode fi-equency offset from the flat-flat cavity 
resonant frequency as a function of the radial mode number for a cavity with super-secant mirror 
of Fig. 6. This shows the resuh of the use of mirrors with a bounded mirror deflection, in this 
case the super-secant mirrors. Specifically, the resonator that implements the principles of the 
present invention does not support some of the higher order transverse modes, such as modes 
with radial mode numbers 4 and greater. 
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[110] Fig. 9 shows the mirror profile associated with the second modeled secant hyperbolic 
mirror cavity; the maximum mirror deflection of sag is do=l 15 nm. Also shown are positions of 
the mode effective deflections corresponding to the stable radial modes of the mirror in a 20 ^m 
long cavity; V,. = 3.06 . This figure illustrates the condition when a mode, in this case the third 
order radial mode, is approaching cutoff. 

[Ill] Fig. 1 0 shows the mode field profiles for the three stable transverse modes of the cavity 
using mirror of Fig. 9. Here the azimuthal mode number is zero and the vertical lines indicate 
the mirror curvature inflection points. The third radial mode is approaching cutoff and is only 
weakly bound, as evidenced by large spreading of the mode field beyond the mirror diameter. 

[112] Fig. 1 1 is a plot of the stable transverse mode frequency offset as a flinction of the radial 
mode number for the cavity using the mirror of Fig. 9. Only three lowest order radial modes are 
stable. 

[113] Fig. 1 2 shows a mirror profile cross section for a secant hyperbolic mirror with a further 
compressed sag; specifically, sag is now reduced to do=100 nanometers. Fig. 12 also shows 
positions of the mode effective deflections corresponding to the stable radial modes of the mirror 
in a 20 |xm long cavity; = 2.85 . For this mirror height, there are only two stable radial modes 
remaining. 

[ 114 ] Fig. 13 is a plot of the mode field profiles for the mirror of Fig. 12 in a 20 ^m long 
cavity; again, vertical lines indicate the curvature inflection points of the secant hyperbolic 
mirror. 

[115] Fig. 1 4 is a plot of the stable transverse radial mode frequency offset as a function of 
radial mode number for the mirror of Fig. 12. 

[116] Fig. 1 5 shows a mirror profile cross section for a secant hyperbolic mirror with a sag or 
maximum deflection compressed to do=25 nanometers; = 1 .43 . This 20 |im long cavity 
supports a single radial mode. Also shown is the effective deflection of the mode. 
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[ 117 ] Fig. 16 is a plot of the mode field profile for a cavity with the small sag mirror of Fig. 15; 
again, vertical lines indicate the mirror curvature inflection points. This modeling suggests that 
the cavity supports only a single transverse radial mode. Further modeling indicates that 
transverse modes with azimuthal mode number 1 and higher are all unstable; therefore the 
resonator indeed supports only a single transverse mode. 

[118] Fig. 1 7 is a plot of the stable transverse radial mode frequency offset as a function of 
radial mode number. This shows the result of the use of the secant hyperbolic mirrors with the 
small maximum deflection or sag. The cavity essentially supports a single transverse mode with 
the mode frequency shifted by 0.156 THz from the flat-flat cavity resonant frequency. 

Modal Analysis Of Conventional And Inventive Optical Resonator Cavities 

[119] Fig. 1 8 illustrates operation of a general curved-flat optical resonator configuration. 

Specifically, for resonator 200, one end of the resonator is defined by a substantially or relatively 
flat mirror structure 52. The second mirror structure 54 has a curved profile; the spatial variation 
of this mirror profile deflection d(x) defines transverse modes of the resonator. Resonator cavity 
length Lc is defined as the distance between the relatively flat mirror and the apex of the curved 
mirror. If the curved mirror deflection d(x) has a maximum or an upper bound, we term this 
maximum deflection or sag do. 

[ 120 ] Traditional optical resonator analysis is focused on finding optical field profiles of the 
transverse modes of the resonator. In contrast, our analysis is focused on the transverse mode 
spectra of the resonator, i.e. the transverse mode frequencies, similarly to the spectral analysis of 
the optical waveguide modes or the spectral analysis of particles in potential wells. 

[121] Optical resonator of Fig. 1 8 has a set of longitudinal mode orders vdth longitudinal mode 
frequencies: 



Page 21 



8 October 2003 
Docket: 1058.us2 

[122] where m is the longitudinal mode number, c is the speed of light, and n is the refractive 
index of the resonator medium. Each longitudinal mode order m has a corresponding set of 
transverse modes with transverse mode numbers t and transverse mode frequencies 

fm.t = ^ -Z^f = fm + Af jn^t • (2) 

^^m,t 

[123] For each transverse mode (m,t), the mode effective length is defined as: 

_ mc 
^^J^m,t 

[124] and the mode effective deflection 

ALm,t ^Le-Lm,t (4) 

[ 125 ] Generally, transverse mode of an optical resonator is stable only when its modal effective 
length falls within the effective span of the cavity lengths defined by the mirror deflection: 

(Lc-do)<Ln,^t <Lc (5) 

[12 6] In other words, a transverse mode of an optical resonator is stable when the mode 
effective deflection is within the range of the mirror deflections: 

0<ALm^t <do (6) 

[ 127 ] Conversely, a transverse mode is unstable if its mode effective deflection falls outside 
this range. This stability condition can be also written in terms of the transverse mode frequency 
shifts Afj^ t: 

0<Afm,t<f„,— ^ (7) 
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[ 128 ] The stability criterion (5,6) is in analogy with optical waveguide or fiber propagation, 
where an optical mode is guided by the waveguide only if the mode effective index falls between 
the waveguide core and cladding refractive indices. When a transverse mode is stable or bound, 
its power is confined in the vicinity of the fiber core or the mirror diameter region, in the present 
situation. When a mode approaches cutoff, its power spreads far outside the fiber or mirror core, 
eventually making the mode unbound or unstable. For the optical fiber, mode cutoff condition 
corresponds to the mode effective index approaching the cladding index. For the optical 
resonator, the mode cutoff condition corresponds to the mode effective deflection approaching 
the largest deflection of the bounded deflection mirror, i.e., AL^^ » dg . Generally, the mirror 

center corresponds to the fiber core, while the mirror edges correspond to the fiber cladding. 

[129] The stability criteria (5-7) are also in analogy with stability criteria for bound particles in 
potential wells, such as electrons in quantum wells. For particle energies below the potential 
barrier of the well the particles are bound by the potential well; for particle energies above the 
potential barrier, the particle is unbound. For infinite deflection or depth, such as, for example, 
parabolic profile, potential wells as well as for mirror profiles and fiber refractive index profiles, 
all states are bound. Finite deflection profiles necessitate the introduction of unbound states of 
particles in potential wells, as well as unbound modes, or radiation modes, in optical fibers, and 
unbound, or continuum, states of optical resonators. 

[130] Figs. 6, 9, 12, and 15 illustrate positions of the mode effective deflections of the stable 
transverse cavity modes within the deflection span of the bounded deflection secant hyperbolic 
mirrors. 

[ 131 ] For the conventional curved mirrors, such as spherical mirrors, the mirror deflection d(x) 
increases monotonically with distance x from the mirror apex throughout the region of x spanned 
by the optical modes of interest. Therefore, conventional, e.g., spherical, mirrors have no mirror 
deflection maximum or bound; all transverse modes are stable for resonator cavities with such 
unbounded deflection mirrors. In practice, maximum deflection for conventional mirrors occurs 



Page 23 



8 October 2003 
Docket: 1058.us2 



at the physical edge of the mirror; this makes unstable only the very high order transverse modes 
that spill beyond the edge of the mirror aperture. 

[ 132 ] For the inventive mirrors, the mirror profile deflection reaches a substantially maximum 
deflection do, or the deflection is bounded to less than do, within the spatial range of the 
transverse modes of interest, such as the fundamental transverse mode. By adjusting the mirror 
profile width and the maximum deflection, which is the mirror sag, we can limit the number of 
stable modes of the resonator. For example, the resonator can be forced to have only a single 
stable transverse mode. 

[133] Fig. 19 illustrates the difference between a conventional, e.g., spherical, mirror (dotted 
line) 54 and the inventive curved mirror 212. The inventive mirror 212 has a maximum 
deflection or sag do and a diameter w defined by the mirror profile full width at half maximum 
(FWHM) deflection. We fit approximately a parabolic mirror 54 to the inventive mirror by 
passing the surface through the inventive mirror apex and the half sag points. Such 

w^ 

parabolic/spherical mirror 54 has a radius of curvature Rq = . The spherical mirror here has 

4do 

no maximum deflection, it supports transverse modes (m,0), (m,l), (m,2) ... that have effective 
modal lengths falling within the unbounded spherical mirror deflection. The inventive mirror 
212 has a maximum deflection do; here only two transverse modes (m,0) and (m,l) are stable, 
while the (m,2) and higher order transverse modes are unstable, 

[ 134 ] We obtain here an approximate condition for the single transverse mode operation of the 
inventive optical resonator. Such resonator supports only the fundamental transverse mode when 
the first higher order mode (m,l) becomes unstable, Le., it violates the stability condition (6) or 
(7). Therefore the single transverse mode condition can be written as 




(8) 
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[ 135 ] where X = c/f^ is the wavelength, in vacuum, of light in the vicinity of the optical 
modes of interest. 



[136] The fitted spherical mirror resonator has Hermite-Gaussian transverse modes with 
transverse mode frequencies given by 



^mts 



m 



c J 



2nL, 



m 



1 4L,d 



c^O 



w 



2nL, 



(9) 



[ 137 ] where t and s are the integer transverse mode numbers in Cartesian coordinates. For the 
spherical mirror, which is approximately parabolic near its apex, the transverse modes (9) are 
equally spaced in frequency, just as the equally spaced propagation constants in an optical 
waveguide with parabolically graded refractive index, or the equally spaced energy levels of a 
particle in a harmonic oscillator with a parabolic potential. 

[138] If we assume that the first higher order mode (m, 1 ) of the inventive resonator has its 
mode frequency given approximately by the fitted spherical mirror, the (m,l) mode frequency is 



given by (9) with (t+s)=L Therefore f^^ i = f^^oi = 



71 



2nL, 



and the single 



mode condition (8) for optical resonators becomes approximately 



7iw_ V^o/Lc 7iw_ n—fi— ^ 



(10) 



[139] since typically do / L^. « 1 . Compare this with the single mode condition for a step 
index fiber with the core diameter w, core and cladding indices ncore and riciad, and the index 
difference An = (ncore - "clad): 



f "irV"core -n^iad « —V2n dad An < 2.405 



(11) 
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[14 0] Here Vf is the dimensionless V-parameter for the fiber. The two conditions for the 
resonators and fibers are qualitatively similar; in case of optical resonators, the role of the core- 
cladding index difference An is played by the normalized maximum mirror deflection do/Lc. 

[141] In analogy with optical fibers, we define a dimensionless V-parameter for optical 
resonators: 

- , TIW _ r; — 7- — 

Vr^ — nVdo/Le (12) 

[14 2] Furthermore, to characterize the resonator transverse modes, we define a dimensionless 
mode parameter A: 

A^l-AL^^t/do (13) 

[143] which is simply related to the ratio of the mode effective deflection ALm,t and the mirror 
maximum deflection do. The A parameter ranges between 0 and 1 and characterizes the strength 
of the mode confinement by the mirror: A'-l corresponds to the strongly confined or strongly 
bound modes, A-0 corresponds to the mode cutoff condition when the modes become unbound. 

[14 4] For different values of the optical resonator parameters w, do, Lc, and X, we calculate the 
resonator V parameter and the transverse mode frequencies with the corresponding mode 
effective deflection and the mode A parameter. A A-V diagram is a plot of the modal A values 
as a function of the resonator V parameter. 

[145] Generally, in the discussions, a curved-flat optical cavity is considered, in which the 
curved optical surface is formed on one of the mirror structures with the other mirror structure 
being relatively flat, possibly only having a bow. These cavities have advantages in 
implementation due to the reduced assembly tolerance in the alignment of the mirror structures. 
The analysis can be generalized to curved-curved optical cavities, however, by introducing the 
concept of net optical curvature or a net mirror profile. The net mirror profile is the total round- 
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trip profile that the optical wave sees in the cavity, as if an equivalent curved-flat cavity were 
being analyzed. 

[14 6] Fig. 20 shows the A-V diagram for optical resonators made using the secant hyperbolic 
profile mirrors paired with a flat mirror; the mode labels (nradiai, Hazim) correspond to the radial 
and azimuthal transverse mode numbers. For large cavity V numbers, Vr>4, the resonator 
supports multiple modes: (0,0), (0,1), (1,0), (1,1), (2,0), etc. As the cavity V number decreases, 
the modal A parameters also decrease, as the modes become weaker bound. The higher order 
transverse modes reach cutoff one-by-one as their A parameter decreases to zero. The (2,0) mode 
gets cutoff near V-3.5 with only four remaining stable modes, the (1,1) mode near V-2.8 with 
three remaining stable modes, the (1,0) near V--2.2 with two remaining stable modes. The (0,1) 
first higher order mode gets cutoff near V=Vo~l .5. For values of the resonator V parameter less 
than Vo'-^l.S, the optical resonator supports only a single transverse mode, namely the 
fundamental mode. The fundamental mode apparently becomes cutoff and unbound for V<0.6. 
Therefore, the resonator single mode condition is: 

Vr <L5 (14) 

[14 7] The approximate single mode condition we gave in ( 1 0) by comparing inventive mirrors 
with spherical mirrors is Vr<2, which is not too far from the more accurate condition (14) above 
for the secant hyperbolic shaped mirrors. 

[14 8] To confirm that the resonator Vr parameter (1 2) is indeed a universal cavity parameter 
and the A-V diagram is a universal diagram, we plot in Fig. 21 the A-V plot for optical cavities 
v^th secant hyperbolic mirrors where we scan separately the mirror deflection height, the mirror 
diameter, and the cavity length. For all these cavities the modal A-V plots essentially 
correspond, confirming the universality of the A-V plot. There is only a small deviation in the 
plots for the cavity length scan at the larger V parameters, V>4, which is far from the single 
mode condition of interest. Therefore, all the different optical cavities with the same Vr 
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parameter, while having different mirror diameters, mirror deflections and cavity lengths, will 
have the same modal A parameter. 

[14 9] From the A parameter of the flmdamental mode we can determine the 1/e^ diameter Xw of 
the mode intensity distribution. Referring to Fig. 22, for a plane-plane cavity of length Lc all 
modes have the resonance condition 



[150] where k^^ = 27tfn^ /c = 2n/X^ is the optical wave vector and f^, is the longitudinal 
mode frequency (1). The mode effective lengths are all equal to the cavity length and the modes 
are transversely unbound plane waves. When one or both mirrors of the cavity become curved, 
the fundamental mode has a mode effective length Lm^t that is shorter than the cavity length, 
Lm,t < Lc , with the resulting new resonance condition for the curved mirror cavity that follows 
from the effective length definition in (3): 



[151] where k^^t = 27rfni^t the optical wavevectors of the resulting transverse modes. 

As a result, we now have n k^^^^L^ > mji for the curved mirror resonator, i.e., the optical k- 
vector is too long to resonate at the cavity length. The reason for this is that the mode now has a 
finite transverse extent and contains plane wave components with k-vectors tilted relative to the z 
axis at an angle of 0^ . Angle 9^ gives the divergence half angle of the resonator mode. The kz 

component of the k-vector along the z-axis now satisfies the curved mirror cavity resonance 
condition: 

nk2Lc=m7c (17) 

[152] where k^ = k^^t cosGj . From (16) and (17) we obtain expression for the k-vector tih 

angle, or the beam divergence half angle, 0^ : 
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T 1/^ ^ ^2 



cosGj = "^'^ and tanG^j = 
Lc 



1^ 

\J^m,tJ 



2ALn, t 

-l.j^ 08, 



[153] since AL^, ^ « . Angle 0^ gives the divergence half angle of the resonator mode. 

From the standard Gaussian beam expressions, the modal beam waist diameter Xw at 1/e^ 
intensity point is obtained directly from this divergence angle: 



2A» A. I 2Lp 

= 7^^^ — (19) 

TctanGj TiyAL^^t 

[154] The ratio between the fundamental mode 1/e^ waist diameter Xw and the mirror full width 
half max diameter w becomes 



2 

w TTw V AL V V AL V Vl-A ^ ^ 

[ 155 ] Fig. 23 A shows the plot, for the fundamental transverse cavity mode, of this mode to 
mirror diameter ratio as a function of the cavity V-parameter, as calculated for the secant 
hyperbolic profile mirror resonators. Fig. 23B shows a plot, also for the secant hyperbolic mirror 
profile, of the mirror to mode diameter ratio squared as a function of the V-parameter. This plot 

illustrates the simple analytical dependence fitted to the resuh: (x ^ /w)^ » l/(0.600 V - 0. 1 88) . 
The mode diameter is smaller than the mirror diameter for the larger V numbers (V>3). 
Generally, the ratio of the mode to the mirror diameter is less than 0.7 for V numbers greater than 
3. The mode diameter increases relative to the mirror diameter as the cavity V numbers get 
smaller, with the ratio at unity for Vr=2, and for still smaller values of V the mode diameter 
becoming greater than the mirror diameter and finally diverging near the V^-O.S fundamental 
mode cutoff. For the single mode condition of V at about 1.5, the ratio is about 1.2. 



[156] We now consider in more detail the mode cutoff condition and the unstable or unbound 
transverse mode regime. The mode stability condition (5) can also be written as: 

Page 29 



8 October 2003 
Docket: 1058.us2 



nkm,t(Lc -do)<nkn,^tLm,t <nkj„^tLc (21) 
[157] or 

nkni,t(Lc -do)<m7i<nkn,^tLc (22) 

[158] since by definition in ( 1 6) we have n k ^ L ni,t - • We have seen that the inequality 
in (22) on the right, 

m7c<nk^^tLc (23) 

[159] implies a confined or bound mode with a diverging beam that has k- vectors tihed from 
the z axis by an angle , the beam divergence half angle, such that 

m7r = nkn^ t cosGd Lc (24) 

[160] with the angle given in the stable regime by 

cosed=^ (18) 

[161] In turn, when a mode becomes unstable, the stability inequality in (22) on the left is 
violated, becoming the mode instability condition: 

nkm,t(Lc-do)>m7c (25) 

[162] This implies that in the unstable regime the mode consists of rays with k- vectors tilted 
from the z axis by an angle 0^ , such that 

nkn^^t cosGr (Lc -"do) = m7i (26) 

[163] The ray angle G^ is given in this unstable mode regime by 

Page 30 



8 October 2003 
Docket: 1058.us2 



C0s9r = 



Lm,t _l-AL^^t/Lc _l-(l-A)do/Lc 



(27) 



[164] 



and for ALj„ ^ have 



tanGr «^-2Ado/Lc 



(28) 



[165] 



Note that in the unstable regime AL^ ^ > dg and A < 0 . 



[166] In the unstable regime, the resonator transverse modes are rays, tilted by angle 9^ relative 
to the z axis, that bounce between the two cavity mirrors in the plane-plane region of the cavity 
outside the curved mirror diameter, or the cavity core. These rays are only sHghtly perturbed by 
the curved mirror deflection near the cavity core. These unstable ray modes of the resonator 
correspond to the unbound radiation modes of the optical fiber or waveguide. For a fiber, 
radiation modes have modal effective indices that fall below the cladding refractive index; these 
modes are plane wave like and are only slightly refiracted by propagation through the waveguide 
core. 

[167] We now illustrate the spectral positions of the stable bound and unstable unbound 
transverse modes of optical resonators. The transverse mode wavelength can be written as 



[168] Further, for the m-th longitudinal mode we define the longitudinal mode wavelength 




(29) 




(30) 



and the mode cutoff wavelength 




m 



(31) 
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We therefore obtain a simple relation between the modal wavelength ^ and the modal A^^ ^ 
parameter: 

(^m,t -^m,c)« ^m,c ^m,t (^0 ^^c) (32) 

where we have assumed that (do / ) « 1 . Thus for A^^ =0 at mode cutoff we have 
^m,t = ^m,c for Aj„ ^ =1 for folly confined modes, we have A,^ ^ = . Note that the 
mode cutoff wavelength X^^^ depends only on the mirror sag do and the cavity length ; it is 
independent of the mirror diameter. For bound modes, which satisfy 0 < AL^^ ^ < do from (6), 
we then have 

W<^ni,t<^m or 0<A<1 (33) 
[169] For the unbound modes, which satisfy AL j^^t > do , we have 

Vt<W (34) 

[170] Fig. 24 illustrates the positions of the bound and xmbound continuvim cavity modes in the 
Fabry-Perot resonator spectrum. This is analogous to the spectrum of the guided and unguided 
modes in an optical fiber and bound and unbound states of a particle in a potential well. The 
spectral width of the bound mode region is determined solely by the mirror sag: 
(^m ~ ^m,c (2n/m)do ; the spacing of the bound modes inside the bound mode region is also 
determined by the mirror diameter and the cavity length. 

[171] Optical resonator analysis in this section can also be applied to the conventional spherical 
mirror resonators. For example, expression (19) applies also to the spherical mirror resonators. 
For a spherical mirror the transverse mode frequencies are given by (9) and the effective mode 
deflections are 
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AL = Lc 







^ m J 





- (35) 



[ 172 ] for resonators with a short cavity length with « Rc • From (19) we then obtain the 
following expression for the fundamental t=s=0 mode beam waist diameter at 1/e^ point: 



^w,spherical " ^ yj^c^c (36) 

[ 173 ] which is in agreement with the conventional expressions for spherical mirror resonators. 
The A-V diagram can also be constructed and applied to the spherical mirror resonators. For a 
spherical mirror with an aperture diameter of w^ and a radius of curvature Rc , the mirror sag is 

do = Wa /(SRc ) and the resonator V parameter becomes 

Vspherical=^^^^^^^ (37) 

[174] For a spherical micro mirror with an aperture of w ^ = 1 00 |im and a radius of curvature 

of R c = 1 500 |am , the 20 |am long cavity at 1 .55 |Lim wavelength has a V parameter of 

^spherical = 29.3 . The A-V diagram, which looks somewhat different for spherical rather than 

secant hyperbolic shaped mirrors as in Fig. 20, indicates that such a spherical mirror cavity 
indeed supports a multitude of transverse modes. 

[175] The single mode condition (14) for optical resonators indicates that the product of the 
mirror full width half max diameter w and the square root of the normalized mirror sag do/Lc has 
to be sufficiently small in order to suppress higher order transverse modes. 

[17 6] Fig. 25 illustrates the single mode condition (14) of the inventive optical resonators for a 
set of resonator parameters applicable to the tunable Fabry-Perot MOEMS filters. We plot here 
the maximum mirror deflection or sag do versus the mirror F WHM diameter that allows the 
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single transverse mode operation; the plot is repeated for several values of the cavity length Lc. 
For each cavity length, the region belovy^ the corresponding curve gives single-mode operation, 
while in the region above this curve first one and then more higher-order modes become stable. 
Note the small required mirror diameters, 5 to 30 micrometers, and mirror sags, 20 to 120 
nanometers, for the cavity lengths of 10 to 25 micrometers. 

[177] Figs. 6, 9, 1 2 and 1 5 show the secant hyperbolic mirror profiles together with the 
calculated effective deflection positions of the stable transverse modes. As the secant hyperbolic 
mirror height is reduced from 260 to 25 nm for the fixed mirror diameter of xo=15|im 
( w = X|^hm = 19.8|im), fewer transverse modes fit their effective deflections within the mirror 
deflection range, eventually only a single fundamental transverse mode remains within the range 
and is the only stable mode. For the mirror FWHM diameter of 20 |im and the cavity length of 
20 |im, the single mode condition in Fig. 25 predicts transition from multi mode to single 
transverse mode operation at the mirror height of about 30 nm, in agreement with secant 
hyperbolic mirror resonator calculations in Figs. 6-17. 

[17 8] We have described the use of controlled profile curved mirrors in order to control the 
transverse modes of the optical resonator. One can accomplish the same goal by using an 
intracavity lens, such as a refractive lens or a graded index lens, to provide the required optical 
phase profile distribution inside an optical resonator. 

Experimental Results: Optical Resonators With Finite Deflection Mirrors 

[17 9] In order to test the operation of the inventive finite deflection mirrors in Fabry-Perot 

resonators, we have fabricated arrays of such micro mirrors on semiconductor substrates using 
photolithographic techniques. The mirrors were formed by etching pillbox shaped cylindrical 
blind holes, or inverted mesas, into silicon, Si, and gallium phosphide, GaP, substrates and then 
executing a mass transport process in order to smooth out the contour. This yields a mirror 
profile of a given diameter and depth that includes both negative and positive curvature regions. 
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[ 180 ] Fig. 26 illustrates the mass transport operation. Initially, a cylindrical blind hole or 
inverted mesa 120 is etched into the substrate 122. This hole is produced by reactive ion etching 
(RIE), in one example. The etched substrate 122 is then exposed to elevated temperature and 
possibly a controlled atmosphere to initiate the mass transport process thereby yielding a mirror 
with a positive curvature region 1 12 that smoothly transitions to a negative curvature region 110. 

[181] Such mirror profiles are alternatively produced with a direct etching process such as by 
reflowing a deposited resist followed by a non or partially selective etch process. Other 
techniques, such as chemical-mechanical micro polishing, are also applicable to mirror 
fabrication. 

[182] Figs. 27 A and 27B are profile plots of an exemplary 12 micrometer mesa after mass 
transport, which plots are based on actual metrology data. After mass transport, the mirror 
diameter, full width at half max, is slightly larger than the starting mesa diameter. As the starting 
mesa diameters get smaller, the final transported mirror depth or sag also gets slightly smaller. 
The initial mesa diameters varied between 30 and 12 [im; correspondingly, the final transported 
mesa diameters, full width at half maximum, varied between 31 and 17 |Lim and the final mirror 
sags varied between 80 and 50 nm. For comparison, Fig. 27B also shows the calculated secant 
hyperbolic mirror profile with the same full width half max as the fabricated mass-transported 
mirror. 

[183] Fig. 28 shows the calculated A-V diagram for the resonators using mass-transported and 
secant hyperbolic mirror profiles. The A-V curves for the two mirror profiles are very similar for 
the fundamental and the lowest order modes, which is the region of most interest, typically. The 
curves for the two profiles increasingly differ for the higher order transverse modes. IVlore 
generally. Fig. 28 illustrates that the inventive modal operating principles, as well as the 
inventive single transverse mode operation, apply to resonators with a variety of mirror profiles 
and are not restricted to the secant hyperbolic shaped mirrors. 
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[ 184 ] Figs. 29 A, 29B, and 29C show the measured spectra of the optical resonators constructed 
using the mass-transported GaP mirrors paired with flat mirrors in 23 \xm long cavities. 

[185] For the wider mirror, shown in Fig. 29A, with mesa diameter of 30 ^im and Vr==3.6, the 
resonator supports three stable transverse modes; the fourth mode 310 is approaching cutoff and 
has a broad spectral line corresponding to low mode finesse. 

[186] For the narrower mirror, shown in Fig. 29B, with mesa diameter of 20 ^im and Vr=2.5, 
the resonator supports only two stable transverse modes. 

[187] For the narrowest tested mirror, shown in Fig. 29C, with mesa diameter of 1 2 |im and 
Vr=1.6, the resonator supports only one stable transverse mode, with the first higher order mode 
just at the cutoff condition. These modal spectra and modal stabilities are in agreement with the 
A-V mode stability diagram in Fig. 28. 

[188] Generally, the remaining stable higher order modes can be preferentially excited through 
input beam misalignment and through mode field size mismatching. This has been used to 
measure the finesse, and thus the intracavity loss, of the individual resonator transverse modes. 

[189] Fig. 30 is a plot of the measured transverse mode finesse as a function of the starting 
mesa, Le, prior to mass transport, diameter, although the data represents resonant cavities made 
using post transport mirrors. The cavity length was approximately 23 |im for all filters. The 
lowest order, /.e., fundamental, transverse mode (mode 0) exhibits a stable finesse of 
approximately 2,500 without regard to the mesa diameter. A second order mode (mode 2) 
finesse, in contrast, starts deteriorating at an approximately 30 ^im mesa diameter and becomes 
fully degraded at approximately 24 ^im. Similarly, the first order mode (mode 1) finesse starts 
exhibiting deterioration at a mesa diameter of 21 |Lim and is completely degraded at about a 12 to 
14 micrometer mesa diameter. 

[190] Fig. 3 1 A is a plot of the same measured mode finesse plotted now as a function of the 
resonator V parameter. This plot generally illustrates that cavities with V parameters below 3.5 
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generally exhibit improved mode control in which the number of modes is limited to 3 or less. 
Resonators with V parameters below 2.5 begin to exhibit single mode or near single mode 
operation, with a V parameter of less than about 1.7 typically resulting in single mode operation. 

[ 191 ] More specifically, mode 2 finesse degrades and the mode disappears near Vr'-2.7, which 
agrees well with the mode (1,0) cutoff near Vr-2.6 for mass-transported mirrors in Fig. 28. 
Mode 1 in Fig. 31 degrades finesse and disappears near Vr--1.6, in agreement with the mode (0,1) 
cutoff near Vr--L7 for mass-transported mirrors in Fig. 28. 

[ 192 ] These experimental measurements confirm the modal analysis of the optical resonators. 
Fig. 25 superimposes our experimental results on top of the theoretical stability diagram: the two 
circles connected by a dashed line indicate the range of experimental mirror filters with starting 
mesa diameters from 22 to 12 \im that showed the transition fi*om low loss first higher order 
mode (mode 1) to highest loss for this mode. Thus, this dashed line with two end points 
indicates the measured transition fi-om two mode to single mode operation; this line approaches 
the theoretical single mode regime boundary for these filters with a 23 |im long cavity. 

[193] Mode finesse degradation as the mode approaches cutoff, which is observed in Figs. 30 
and 31, likely occurs because of the large spatial spread of the loosely bound modes near modal 
cutoff Such widely spread modes suffer diffraction loss inside the cavity. In addition, loosely 
bound modes are more sensitive to mirror and cavity imperfections which can induce excess 
mode loss. For example, relative angular misalignment of the finite deflection mirror and the 
essentially flat mirror causes diffraction loss and reduced mode finesse, as illustrated in Fig. 3 IB. 
This resonator mirror tih loss is much larger for the loosely bound modes near cutoff than for the 
strongly bound resonator modes. As such, intentional effective mirror tilt can be used to further 
suppress and reduce finesse of the higher order resonator modes that are nominally stable but 
near cutoff We have observed experimentally that tilting the resonator mirrors relative to each 
other reduces resonator finesse, while realignment of the mirrors restores the finesse to its 
original value. The resonator mirror tilt loss can be viewed as tunneling of the optical power 
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from the resonator core to the unbound states outside the core; stronger tih narrows down the 
effective tunneling barrier. Mirror tilt loss of the resonators is analogous to the bend radiation 
loss in optical waveguides, which is also much stronger for weakly guided modes, and can also 
be viewed as power tunneling from the waveguide core. Angular misalignment in spherical 
mirror resonators causes only a lateral shift of the mode and a tilt of the optic axis. Tilt 
misalignment in finite deflection mirror resonators also shifts modes inside the mirror, but the 
small diameter and depth mirrors can tolerate only a small mode shift and thus only small mirror 
tilts. 

SMSR Tolerance to Input Excitation Displacement 

[194] When the inventive optical resonator is constructed such that the first higher order mode 
is not fully cutoff, the achievable side mode suppression ratio, the SMSR, is still better than for 
conventional spherical mirror resonators. In addition, the SMSR for inventive resonators is more 
tolerant of lateral misalignment of the resonator input excitation beam. 

[195] Fig. 32A shows the measured contour plot of the optical filter SMSR for the conventional 
hemispheric resonator as a function of the lateral x and y displacement of the input beam in 
micrometers. Figs. 32B and 32C show similar plots for the inventive optical resonator for two 
different V numbers of 1.61 and 1.41, respectively. The conventional resonator and the V=1.61 
resonator achieve peak SMSR's of -SOdB, the V=1.41 resonator achieves peak SMSR of ~38dB. 

Importantly, to keep the SMSR above 25dB, the conventional spherical mirror resonator 
tolerates input beam x-y displacements of only 1 .2 \xm (or +/- 0.6 |im). In contrast, the inventive 
resonator with V=1.61 tolerates a 2.8^m (or +/- 1.4 |im) displacement, and the inventive V=1.41 
resonator tolerates a displacement as large as 13.6 ^im (or +/- 6.8 |Lim). This implies very much 
relaxed assembly tolerances for the inventive optical filters into optical systems. 

[196] The reason for the increased SMSR displacement tolerance of the inventive resonators 
can be explained with the help of Figure 32D, which plots insertion loss of a Fabry-Perot filter 
mode with modal finesse reduced by intracavity loss. When the inventive filter reduces original 
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fill! finesse Fo of the higher order mode by an effective intracavity diffraction loss for that mode 
to the modal finesse F, this higher order mode acquires an insertion loss 

Tfp={F/Fof (38) 

[197] in its transmission through the Fabry-Perot filter, while the fundamental mode does not 
acquire any additional insertion loss. For a finesse drop of F/Fq = 0.3 , the insertion loss is 
Tfp =\OdB,fora finesse drop of F/Fq = 0.1 , the insertion loss is Tfp = 20 dB, Positional 
displacement of a filter excites higher order transverse modes of the fiUer resonator; the 
inventive resonator attenuates transmitted power of these modes by their excess insertion loss, as 
compared with no excess insertion loss for conventional mirror filters. This increases the SMSR 
of the inventive resonators, in this way they can tolerate larger positional displacements while 
keeping the SMSR high. In order to have this displacement tolerance advantage, the inventive 
resonators need to have sharply reduced finesse of the single remaining residual higher order 
mode. This finesse should be reduced at least to the 0.3 to 0.1 fraction of the fundamental mode 
finesse with the corresponding 10 to 20 dB excess modal insertion loss for the higher order 
mode. Figs. 32A, 32B, and 32C indeed show that as the higher order mode to fundamental mode 
finesse ratio gets smaller, the region of fiher displacements with high SMSR values gets larger in 
area. 

[198] Fig. 32E shows the measured resonator SMSR beam displacement sensitivity radius, at a 
25 dB level, as a function of the higher order mode to fundamental mode finesse ratio. Also 
shown are the results of an analytical calculation of the sensitivity radius. As expected from 
modeling, the measured data shows rapidly increasing SMSR sensitivity tolerance radius as the 
fractional finesse of the higher order mode decreases. 

[199] For the same reasons, the inventive filters also have a much larger SMSR tolerance of the 
input beam diameter change or waist position change. Such large SMSR tolerances of the filter 
positional shifts significantly simplify the assembly of inventive filters into optical systems, as 
compared with conventional spherical mirror resonators. 
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Exemplary Tunable Fabry-Perot MOEMS Filter Implementation 

[200] One embodiment of the present invention is as a tunable Fabry-Perot filter. 

[201] In some implementations, the filter is fabricated by shaping the ends of a solid material 
with the desired mirror curvatures and then HR coating the ends. In such case, the net mirror 
curvature can be distributed between both mirrors. The optical distance between the ends is 
adjusted mechanically or thermally, for example. 

[202] In another implementation, the flat first mirror structure 2 1 0 and/or the inflection mirror 
structure 212 is deflectable or movable in a Z-axis direction using MOEMS technology, for 
example, to thereby provide for a tunable filter with a tunable pass band. 

[203] Generally, the mode field diameter for the lowest order mode as defined by the intensity 
1/e^ diameter of the mode 214, generally fits within the central portion of the mirror (see Fig. 19). 
Typically, the ratio of the mode field 1/e^ diameter to the diameter w of the mirror FWHM is 
slightly greater than about 0.5, usually greater than O.7.. For fully single mode resonators, the 
ratio is typically greater than about 0.9 to greater than 1.2, or more. 

[204 ] In contrast, the mode field diameter of a higher order mode, when stable, extends into the 
negative curvature portion 1 10, and possibly the flat portions 1 1 1 surrounding the regions with 
the optical curvature. This eventually makes the cavity unstable for that mode. In this way, the 
invention utilizes phase profiling or a phase aperture. A variation in phase is introduced across 
transverse plane to preferentially preserve the lowest order mode while making the higher order 
modes unstable. 

[205] Fig. 33 shows an exploded, exemplary micro-opto-electro-mechanical system (MOEMS) 
Fabry-Perot tunable filter 100 having a resonant cavity 200 that is constructed according to the 
principles of the present invention. 

[206] Generally, in the FP filter 1 00, a spacer device 4 1 4 that separates the mirror device 4 1 2 
fi-om the membrane device 410 to thereby define the Fabry-Perot (FP) cavity 200. 
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[207] The optical membrane device 4 1 0 comprises handle material 215 that functions as a 
support. An optical membrane or device layer 21 1 is added to the support material 215. The 
membrane structure 214 is formed in this optical membrane layer 21 1. An insulating layer 216 
separates the optical membrane layer 211 from the support material 215. During manufacture, 
this insulating layer 216 functions as a sacrificial/release layer, which is partially removed to 
release the membrane structure 214 from the support material 215. This insulating layer defines 
the electrostatic cavity between the membrane structure 214 and the handle wafer in the 
illustrated implementation. Electrical fields are established across this cavity to provide the 
forces necessary to deflect the membrane out-of-plane and therefore tune the filter 100 by 
modulating the size of the cavity 200. 

[208] In the current implementation, the membrane structure 214 comprises a body portion 218. 

The optical axis 10 of the device 100 passes concentrically through this body portion 218 and 
orthogonal to a plane defined by the membrane layer 21 1 . A diameter of this body portion 21 8 is 
preferably 300 to 600 micrometers; currently it is about 500 micrometers. 

[209] Tethers 220 extend radially from the body portion 2 1 8 to an outer portion 222, which 
comprises the ring where the tethers 220 terminate. In the current implementation, a spiral tether 
pattem is used. 

[210] An optical coating dot 230 is typically deposited on the body portion 2 1 8 of the 
membrane structure 214. A second optical coating is deposited on the mirror device 412 to 
thereby define the other end of the FP cavity. The optical coatings are preferably a highly 
reflecting (HR) dielectric mirror stacks, comprising 6 or more layers of alternating high and low 
index material. This yields a highly reflecting, but low absorption, structure that is desirable in, 
for example, the manufacture of high finesse Fabry-Perot filters. 

[211] According to the invention, the curved-flat resonator incorporating the principles of the 
present invention is used in the filter 100. Specifically, in one embodimentfor resonator 200, one 
end of the resonator 200 is defined by a substantially flat mirror structure 210. The second 
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mirror structure 212 has a profile that provides the spatial mode selectivity of the present 
invention. 

[212] Depending on the FP fiker implementation, either the mirror device 412 or center region 
250 of the membrane 214 is pattemed to have the second mirror structure's mode selective 
profile, with the other end of the cavity 200 being defined by the relatively flat mirror structure 
210. That is, in one implementation, the flat first reflector 210 is on the mirror device 412 with 
the second mirror structure 212 being etched or otherwise formed in region 250. Whereas lin the 
other implementation, the flat first reflector 210 is on the membrane 214, with the mirror device 
412 having the second mirror structure 212. 

[213] Fig. 34 A is a plot of spectral power in decibels as a fiinction of wavelength illustrating the 
filter spectrum for the tunable filter of Fig. 33. The plot shows a well defined fiondamental 
mode; only one higher order mode is observable, it is suppressed to -38 dB below the 
fiindamental mode. Fig. 34B shows the measured optical transmission spectrum of the inventive 
tunable optical filter operating near the single transverse mode regime. The first higher order 
mode is approaching cutoff and its finesse is strongly reduced; a broad peak due to continuum 
unbound modes appears at wavelengths shorter than the higher order mode, in agreement with 
the modal stability diagram in Fig. 24. 

Parasitic Modes In Fabry-Perot MOEMS Tunable Filters 

[214 ] Fig. 35 is a schematic diagram illustrating an implementation issue sometimes associated 
with deploying the present invention in a tunable MOEMS-type device, where controlled 
deflection of a movable membrane mirror, for example, is used to tune the Fabry-Perot resonator. 
Thin membranes become bowed due to stress in the deposited dielectric reflective mirror coating, 
for example. The membrane bow affects the transverse mode structure of the resonator. 

[215] Specifically, as a result of the bow in a previously flat membrane mirror 210,214, 
previously unstable transverse modes of the resonator can become stable and the resonator can 
acquire new stable parasitic modes, as compared with the case where the membrane mirror is 
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unbowed, or substantially flat. Similar results arise when the curved finite deflection mirror is on 
the movable membrane or the fixed mirror side of the resonator. In these optical cavities where 
cavity length is short compared with the smallest mirror radius of curvature, only the net mirror 
curvature encountered by the mode on one roxmdtrip is important. 

[216] Observing Fig. 35, we see that both mirrors 2 1 0, 2 1 2 now can have some curvature. We 
can consider the effect of the two mirrors on the optical mode as one net effective mirror profile 
that the optical wave sees on one roundtrip in the cavity; the second effective mirror of the 
effective cavity is then flat. 

[217] Fig. 36A shows the net mirror profile and the effective mode deflection for a 20 jim long 
cavity where the finite deflection mirror has a secant hyperbolic shape and the membrane is flat. 
The secant hyperbolic mirror has a sag of do = 40 nm and a full width half max diameter of 
w = 15 |im . The cavity has a single stable transverse mode. 

[218] Fig. 36B shows the net mirror profile and the effective modal deflections of the same 
secant hyperbolic shape mirror paired in a cavity with a positively bowed membrane. We 
assume the membrane bow is approximately spherical. The membrane radius of curvature is 
^mems =30 mm , while the center of the secant hyperbolic mirror has a radius of curvature of 
R sec h = 0-81 nim . The net mirror profile now has effectively unbounded deflection, with the 
resulting multitude of stable transverse modes. The radial modes shown here are only those in 
which 

^azim ^ • The fundamental mode is due to the secant hyperbolic mirror, while the higher 
order modes are similar to the modes of the conventional flat-spherical mirror cavity formed by 
the spherically bowed membrane and the flat annular regions outside the center of the secant 
hyperbolic mirror. These higher order modes have the smaller effective mode displacement 
spacing approximately corresponding to this parasitic flat-spherical cavity with a large spherical 
radius of curvature. These higher order modes can also have the larger mode diameters 
associated with the large radius of curvature of the parasitic cavity, as compared with the smaller 
mode diameter of the fundamental mode of the secant hyperbolic mirror cavity. 
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[219] Fig. 36C shows the net mirror profile and the effective modal deflection of a secant 
hyperbolic mirror paired with a negatively bowed membrane. Here the secant hyperbolic mirror 
has the same diameter as before, namely w = 15 jim , but a bigger sag, dg =120 nm . In this case 
of a negative bow only a single stable transverse mode is observed, but a bigger secant 
hyperbolic mirror sag was required to achieve the desired single mode operation. 

[ 220 ] Fig. 37 shows the measured transmission spectrum of a MOEMS Fabry-Perot filter with a 
mass-transported inventive mirror when parasitic modes due to membrane bow are present. 
There is a well-defined fundamental mode, labeled A, due to the mass-transported curved mirror. 

We also observe at shorter wavelengths a set of parasitic modes, labeled B, C that correspond to 
the parasitic cavity due to the membrane bow. The parasitic mode spacing is consistent with the 
membrane bow radius of curvature of approximately 30-60 mm. Observations of filter mode 
profiles with an infrared camera show much larger parasitic mode diameters, of the order of 50 
|im, as compared with the approximately 17 |im diameter of the fundamental mode. These mode 
profile, as well as spectral spacing, observations confirm that the observed higher order modes 
are indeed due to the parasitic cavity formed by the bowed down membrane and the flat regions 
the curved mirror structure. 

[221] These parasitic modes due to membrane bow can also be controlled and suppressed using 
other techniques. For example, options include: 1) HR coating stress control to induce a 
relatively flat or negatively bowed membrane; 2) fabricate an additional negative curvature 
section in the annular region 1 1 1 outside the center of the curved mirror; 3) remove HR coating 
in the annular region 1 1 1 or on the opposed portions of the membrane 210 to suppress the finesse 
of the parasitic modes; 4) induce loss in the annular region 1 1 1 or the opposed portions of 
membrane 210 via surface roughening or surface blackening, for example, again in order to 
suppress the finesse of the parasitic modes; 5) laterally shift the curved mirror relative to the 
bowed membrane, such that the parasitic modes are centered away fi-om the curved mirror center, 
and are thus more weakly excited and more easily suppressed. 
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[222 ] In addition, placing the curved mirror off center on the negatively bowed membrane 
provides additional suppression to the residual higher order mode of the curved mirror resonator 
through the effective intracavity mirror tilt. 

Effect of Mirror Shape on the Optical Resonator IVIodes 

[223] Different bounded-deflection mirror shapes can be used to control transverse modes of 
optical resonators. For example. Fig. 28 shows a comparison of mode spectra for secant 
hyperbolic and mass-transported mirror shapes. We have also made single-transverse-mode 
optical resonators using mirrors fabricated by the chemical-mechanical micro polishing 
technique. Mirror profile does not have to be rotationally symmetric, for example elliptically 
shaped mirror profiles can be used. A radically different mirror shape is the cylindrical pillbox, 
illustrated in Fig. 38. The pillbox mirror is analogous to the step-index fiber waveguide, which is 
a very common refiractive index profile for achieving single transverse mode waveguiding. We 
have fabricated optical resonators using such step-profile pillbox mirrors. Fig. 39 shows the 
finesse of such resonators as a fiinction of the pillbox diameter for two different pillbox step 
heights. These resonators operated with a single transverse mode; the finesse was observed to 
increase with increasing pillbox diameter. Surprisingly, such radically non-spherical step-profile 
resonators achieve resonator finesse as high as 2000. However, this finesse is lower than the 
finesse of 3000 allowed by the mirror coating reflectivities. We believe this finesse limitation is 
caused by the diffraction losses due to mode phase profile mismatch in the cavity. To illustrate 
this. Fig. 40 shows the calculated resonator mode field and phase profiles at the "curved" mirror 
for a step-like mirror profile. Mode phase tries to follow the shape of the "curved" mirror 
profile; however, on multiple roundrips in the cavity the mode phase can not preserve this 
stepped shape and the mode loses power by diffi-action to the outside of the resonator core. Thus 
different mirror shapes in the optical resonator give different diffraction loss and thus different 
maximum achievable finesse. Spherical mirror resonators have been demonstrated with finesse 
greater than 10^. The secant hyperbolic mirror profiles are close enough to spherical near the 
resonator core where the field intensity is high; they should be able to achieve finesse of the order 
of 10"^ - 10^. We have fabricated micro polished mirror resonators with finesse as high as 7000. 
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The pillbox mirror profile step occurs in the region of substantial field intensity and thus causes 
diffraction loss to limit the finesse. Larger diameter pillboxes move the phase step to the region 
of lower field intensity and thus have lower mode diffraction loss and higher resonator finesse. 
One way to improve on pillbox mirrors is to use multi-step profile mirrors in optical resonators, 
as illustrated in Fig. 41. Such mirrors can have multiple different step heights and diameters; the 
multiple steps approximate better a continuous mirror profile and thus are expected to achieve 
higher potential finesse. We have indeed demonstrated operation of optical resonators with such 
two-step double-pillbox mirrors. The demonstrated mass-transported, micro polished, pillbox, 
and double pillbox mirror operation of optical resonators illustrates that a wide variety of mirror 
shapes can be used in optical resonators, just as many different refractive index profiles are used 
to achieve the desired properties in optical waveguides and fibers. 

[224] Mirror shape also affects the mode intensity profile. For the spherical mirror resonators 
the mode shape is Hermite-Gaussian with characteristic Gaussian mode wings. For the bounded 
deflection mirror resonators, the mode profile is described by Bessel functions with more slowly 
decaying exponential mode wings. The resonator mode intensity and phase profiles affect the 
coupling of this mode to the externally input or output Gaussian beams. 

Active Optical Resonators witti Bounded Deflection Mirrors and Lenses 

[225] Optical resonators are frequently used with active optical media inside the resonator 

cavity. Examples of such active optical media include nonlinear, electro-optic, acousto-optic, 
and thermo-optic optical materials. Such active cavity optical resonators can also benefit from 
the transverse mode control allowed by the inventive bounded deflection mirrors or lenses. Fig. 
42 illustrates such an active cavity optical resonator utilizing the inventive mirror. The inventive 
mirror or intracavity lens can also be shaped directly into the active optical material. Fig. 43 
illustrates the wide range of cavity and mirror dimensional parameters, including cavity length, 
mirror diameter and mirror sag, that achieve single transverse mode operation with the resonator 
V-parameter of 1 .5. In addition to the two-mirror optical cavities, multi-mirror cavities can also 
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utilize the inventive optical mirrors and lenses, such as coupled cavities, ring cavities, V-shaped 
or zig-zag cavities, and figure eight cavity configurations. 

[226] The most prominent example of active optical resonators is the optical resonator 
containing a gain medium, e.g. a laser. Transverse mode control is an important factor in a 
variety of laser types, such as semiconductor and solid-state lasers, etc. Single transverse mode 
operation in lasers is frequently required both from the spatial beam quality point of view and the 
spectral purity point of view. In addition, multi-mode operation in lasers can be detrimental 
because of the mode beat noise that frequently accompanies multi-mode operation. One 
important example of transverse mode limitation in lasers is the case of semiconductor vertical- 
cavity surface-emitting lasers (VCSELs). Fundamental transverse mode output power of 
VCSELs is limited to a few milliwatt level because of the active area heating in small active area 
devices and multi-transverse-mode operation in larger active area devices. The inventive 
bounded deflection mirrors and lenses can be used in a variety of lasers, for example in 
semiconductor VCSELs, to achieve the desired single transverse mode operation. This can be 
achieved for laser operating regimes, such as high power operation, which heretofore have been 
accompanied by higher order transverse modes. Figs. 44A, 44B, and 44C illustrate three possible 
configurations of laser cavities with gain media and transverse mode control using a bounded 
deflection curved mirror, Fig. 44A, a bounded phase sag intracavity refractive or diffractive lens, 
Fig. 44B, and a bounded phase variation intracavity graded index lens, Fig. 44C. Note that in 
optical resonators with intracavity gain media, in addition to loss aperturing, gain aperturing can 
also be used to aid in transverse mode control, such as suppressing the residual higher order 
mode. Also, in contrast with passive optical resonators, lasers above threshold require only a 
relatively small mode loss difference in order to achieve very high side mode suppression ratio 
(SMSR). 

[ 227 ] Edge-emitting semiconductor lasers have single transverse mode power limitation of 
typically less than one watt; multi-watt output is achieved with broad area multi-transverse mode 
operation. In such lasers it might be possible to use one-dimensional bounded deflection 
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intracavity lenses of the inventive type to force the single transverse mode operation in the high 
power broad area devices. 

[228 ] Fig. 45 A and Fig. 45B illustrate the use of the inventive optical elements for achieving 
single-transverse-mode operation in semiconductor VCSEL lasers. Fig. 45 A illustrates a shaped 
mirror profile fabricated on the extemal mirror surface of the VCSEL two-mirror cavity or three- 
mirror coupled cavity. Such a mirror can have either a curved or a stepped profile, such as a 
simple circular or elliptical mesa or ridge. Fig. 45B illustrates the shaped intracavity lens profile 
fabricated near the gain region. This can be a stepped phase profile, such as formed by an etched 
and buried circular ridge. Alternatively, this phase profile can be formed by lateral selective 
oxidation of a semiconductor material, such as already used for current confinement and mode 
shaping. An appropriate thickness of the oxidized layer or layers has to be used to obtain the 
required resonator V-parameters for achieving single transverse mode laser operation. Electrical 
or optical pumping operation of such lasers is possible. 

[229] Fig. 46 A and 46B illustrate the use of bounded phase variation optical elements for 
VCSEL operation with an extemal mirror, such as a movable extemal mirror that can be used for 
laser tuning. In Fig. 46A the shaped mirror, curved or stepped, is fabricated on the extemal 
mirror surface. In Fig. 46B the shaped phase profile is fabricated on the chip near the gain region 
and the extemal mirror can be substantially flat. Same as in case of the integrated mirror VCSEL 
in Fig. 45B, the phase step here can be formed, for example, by etching or by selective oxidation. 
Electrical or optical pumping of the laser can be used. 

[230] A parasitic effect present in many laser cavities is thermal lensing, where local heating in 
the vicinity of the gain region causes a positive thermal lens to form. The effect of such a lens on 
the laser optical resonator is similar to the effect of the positively bowed membrane in Fig. 35 on 
the passive membrane-tunable optical resonator. Fig. 47 shows one possible way to counteract 
the effect of a thermal lens. An additional negative curvature profile can be formed on a cavity 
mirror or in an intracavity lens in order to cancel out or reverse sign of the thermal lens. The 
small bounded deflection inventive phase profile then acts to shape the fimdamental cavity mode. 
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Fif^A and Fig. 48B iUusttate anote way u> supp^ss parasitic higher order modes due ,o 
,henna. lensing. Fig. 48A shows tt,e effective inrt phase profile due .o to c„mbi,>aao„ of 
the inventive optical element and the thermal lem. also shown are the transverse mode 
ftecuencies or mode deflections. Fig. 48B shows the field profiles of the resulting fundamental 
(0) and hi^er-order parasitic (1 ^) modes. Because of the relatively large radius of curvature of 

thermal lens, as compare! with Ute inventive optical clement, the higher^rder parasmc 
modes have a much larger spatial ext»t Thus a gain aperture centered on the fundamental mode 
hasahigheroverlapandprovidesahighergainforthismodcandthuscanstronglysuppress 

lasing of the higher order m«ies. If only the thennal lens is present without the inventive opncal 
element, the fundamental and higher order modes differ much less in their spatial extent and the 
gain aperturing is much less effective. 

U31, A variety of other laser types and active optical cavities can also benefit fiom the use of 
inventive bounded phase deflection optical elements to achieve single-ttansverse mode 
fiindamental mode operation. 

[232] While this invention has been particularly shown and described with references to 
preferred embodiments thereof, it will be understood by those skilled in the art that various 
changes in form and details may be made therein without departing from the scope of the 
invention encompassed by the appended claims. 

[2331 Whilethisinventionhasbeenparticularlyshownanddescribedwithreferencesto 
preferred embodiments thereof, itwiU be understood by those skilled in the art that vanous 

changes in form and details may be made therein without departing from the scope of the 
invention encompassed by the appended claims. 
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